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Synopsis
In a continuous release field experiment, ethanol altered microbial community
structure/function, lowered the redox state, and slowed biodegradation of
coreleased BTo-X in an anaerobic aquifer.

Abstract
Ethanol (EtOH) is a commonly used fuel oxygenate in reformulated gasoline
and is an alternative fuel and fuel supplement. Effects of EtOH release on
aquifer microbial ecology and geochemistry have not been well characterized
in situ. We performed a controlled field release of petroleum constituents
(benzene (B), toluene (T), o-xylene (o-X) at ∼1–3 mg/L each) with and
without EtOH (∼500 mg/L). Mixed linear modeling (MLM) assessed effects on
the microbial ecology of a naturally sulfidic aquifer and how the microbial
community affected B, T, and o-X plume lengths and aquifer geochemistry.
Changes in microbial community structure were determined by quantitative
polymerase chain reaction (qPCR) targeting Bacteria, Archaea, and sulfate
reducing bacteria (SRB); SRB were enumerated using a novel qPCR method
targeting the adenosine-5′-phosphosulfate reductase gene. Bacterial and SRB
densities increased with and without EtOH-amendment (1−8 orders of
magnitude). Significant increases in Archaeal species richness; Archaeal cell
densities (3–6 orders of magnitude); B, T, and o-X plume lengths; depletion
of sulfate; and induction of methanogenic conditions were only observed with
EtOH-amendment. MLM supported the conclusion that EtOH-amendment
altered microbial community structure and function, which in turn lowered the
Environmental Science & Technology, Vol 42, No. 7 (2008): pg. 2289-2294. DOI. This article is © American Chemical
Society and permission has been granted for this version to appear in e-Publications@Marquette. American Chemical
Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the
express permission from American Chemical Society.

2

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

aquifer redox state and led to a reduction in bioattenuation rates of B, T, and
o-X.

Introduction
Ethanol is rapidly replacing methyl tert-butyl ether (MTBE) as
the most commonly used fuel oxygenate in reformulated gasoline and
is used as an alternative fuel and fuel supplement. Ethanol is a highly
labile substrate that can be metabolized by a wide array of
microorganisms under aerobic and anaerobic conditions. For this
reason, ethanol has largely been assumed to be an innocuous
replacement for MTBE. However, the introduction of labile carbon into
carbon-limited subsurface environments (e.g., before or long after
spills of gasoline) or electron donors (e.g., as in the case of many
MTBE plumes) can dramatically change prevailing redox conditions and
can alter the structure and function of subsurface microbial
communities.1,2 Functional changes may include preferential
degradation of more labile carbon substrates over other biodegradable
and more toxic compounds present (e.g., benzene (B), toluene (T),
xylene (X), and ethylbenzene (E)).3 A growing body of work has
examined the influence of ethanol on the natural attenuation and
biodegradation of BTEX under both aerobic and anaerobic conditions4-8
These studies suggest that simultaneous introduction of ethanol and
BTEX will result in decreased BTEX attenuation rates and longer
contaminant plumes. The majority of previous results, however, are
based on microcosm or column experiments4,5,8 or on small sets of
observational field data comparing contaminated aquifers exposed or
not exposed to ethanol.9
We conducted a side-by-side field experiment to determine if
ethanol release impacts BTEX attenuation and microbial community
composition in a complex aquifer environment. This is the third in a
series of papers reporting results from a comprehensive field study
investigating the influence of ethanol on attenuation of selected BTEX
species in a sulfate-dominated anaerobic aquifer. The first two
publications address experimental setup, site conditions, and results of
monitoring impacts of ethanol on the fate of selected BTEX species and
MTBE in situ.3,10 This study describes how the release of B, T, and oxylene (o-X) or B, T, o-X, and ethanol affects the structure and
function of aquifer microbial communities and, to the best of our
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knowledge, is the first to link quantitative changes in microbial
communities with the natural attenuation of B, T, and o-X and changes
in subsurface aquifer geochemistry in situ.

Experimental Section
Site Description
Our study site was a shallow coastal alluvial aquifer at Site 60
on Vandenberg Air Force Base (VAFB), California. Approximately 750
gallons of MTBE-laden fuel was released into the subsurface in 1995.11
Whether there were earlier releases of fuel is unknown. University of
Waterloo and UC Davis have been conducting research here since
1999; thus, many of the hydrogeological and geochemical aspects of
the field site have been described.2,11-16 Table S.1 of the Supporting
Information indicates the predominant pre-experiment geological,
hydrological, and geochemical conditions. Groundwater flow rates
averaged 0.3–0.6 m·day−1. The monitoring network addressed in this
paper consisted of 192 discrete sampling points within a 515 m2 study
area, arranged in a series of transects perpendicular to flow within a
thin, shallow, relatively continuous aquifer called the S3 sand (Figure
1). General hydrogeology and well construction is described
elsewhere.3 Wells were placed in close proximity to enable highresolution characterization of the subsurface (1−3 ft between wells). A
persistent relatively continuous MTBE plume appears to originate from
higher concentrations of contaminants remaining in a shallower, less
permeable, and horizontally restricted layer.
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Figure 1. Location of VAFB Site 60, general layout of groundwater-monitoring well
network, and direction of groundwater flow. EUG, ER, EA, etc. delineate monitoring
well transects.

Experimental Injection of B, T, o-X, with and without Ethanol
Two side-by-side concurrent treatments were applied to the S3 sand.
Three “no ethanol” wells received anaerobic site groundwater amended
with B, T, o-X, and tracers; the three “with ethanol” wells (3 ft away
along the same transect) received anaerobic site groundwater
amended with the same concentrations of B, T, o-X, and tracers, with
the addition of ethanol. Concentrations of injected B, T, o-X, and
ethanol were relatively consistent over the course of the experiment in
both lanes (mean ± standard error (mg/L): benzene = 2.3 ± 0.6,
toluene = 2.2 ± 1.0, o-xylene = 0.865 ± 0.36, ethanol (With Ethanol
Lane only) = 470 ± 220). Experimental amendments started on May
13, 2004 (day 0) and continued for a total duration of ∼9 months, with
relatively continuous injection only for the last 7 months due to system
refinements and regular maintenance. For a more in-depth description
of the injection system see Mackay et al.3

Groundwater Analyses
Volatile organic compounds (VOCs, e.g. B, T, o-X, MTBE, and
ethanol), dissolved methane, sulfate, pH, ferrous iron, and sulfide
levels were measured as described elsewhere.3 Detection limits for
these compounds were <0.010 mg/L for B, T, o-X, and MTBE,
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approximately 1.250 mg/L for EtOH, approximately 0.250 mg/L for
methane, 1 mg/L for sulfate, 0.02 mg/L for ferrous iron, and 0.005
mg/L for sulfide. An in-depth analysis of the aquifer geochemistry was
performed after 5 months of continuous release (Figures 3 and S.1
and Mackay et al.)3

Water Sample Collection and DNA Extraction for
Microbial Analyses
Water samples (500 mL) were collected in sterile plastic bottles
from 127 monitoring wells at three time points: prior to the
experiment and after 5 and 8 months of continuous release using a
peristaltic pump drawing at 300 mL·min−1; each well was purged for 1
min prior to sample collection. Samples were stored on ice and were
filtered through 0.2 µm Isopore membrane filters (Millipore, Bedford,
Massachusetts) within 48 h of sample collection to collect and
concentrate cells on the filters. DNA was extracted from the filters as
previously described.17 Samples requiring more than one 0.2 µm filter
to process the entire 500 mL sample were extracted separately and
were pooled prior to quantitative polymerase chain reaction (qPCR)
analyses.

Quantitative PCR
Quantitative PCR (qPCR) was employed to enumerate relative
abundance of all Bacteria and Archaea (based on 16S rDNA copy
numbers) and sulfate reducing bacteria (SRB, based on adenosine-5′phosphosulfate reductase genes (aps)) within each groundwater
sample. qPCR reactions were performed with an ABI Prism 7300
(Applied Biosystems, Foster City, California) and either a Taqman or
SYBR Green I detection method. qPCR reactions enumerating total
Bacteria18 and Archaea19 were performed as previously described. SRB
were enumerated by a novel aps qPCR system developed here.
Primers designed for the aps qPCR assay were site-specific, that is,
generated by analysis of aps gene sequences recovered from the Site
60 aquifer. Two novel PCR primers, APS328f and APS743r, were
designed to amplify a 415bp portion of the aps gene (Supporting
Information) and were used to develop a SYBR GreenI SRB
quantification system (Supporting Information). Initial measures of the
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gene associated with anaerobic toluene degradation (bssA) (5 month
time point) suggested that bssA copy numbers were very low or below
detection in most samples; therefore, this measure was not pursued
further (data not shown). To avoid problematic conversion of gene
detection frequencies to cells per/ml for uncultured organisms,
abundance values for each qPCR system are reported as copy
numbers/ml of groundwater (Supporting Information).

Statistical Analyses
Microbial abundance data and geochemical parameters
(dissolved SO42− and CH4) were analyzed with a series of mixed linear
models (MLM) using sampling date and well location as repeated and
subject variables, respectively. The MLM approach allowed us to test
for relationships between the applied treatments of BTX (no ethanol)
and BTX with ethanol and the response variables—microbial
abundance and dissolved SO42− and CH4—while simultaneously
accounting for dependence of each response variable measured at
each location and time on the previous sample set (i.e., responses
measured after 8 months were inherently dependent on responses at 5
months). For additional detail on MLM analyses see the Supporting
Information. All statistical tests were performed using SPSS v11.0.4
software (SPSS Inc., Chicago, Illinois), and p-values of 0.05 or less
were considered indicative of significant interactions.

Results
VOC Distributions in Groundwater
Location of injection wells, expected flow directions, and applied
treatment combinations are indicated in Figure 1. Injection of
amended groundwater produced two distinctly different zones within
the aquifer. Figure 2 presents part of the evidence, that is, the
distributions of dissolved BTo-X expressed as total volatile organic
carbon (VOC) 5 and 8 months after the start of injection (detailed
descriptions of geochemical changes and impacts on B, T, and o-X
plume lengths are reported elsewhere).3 Ethanol was detected in
groundwater 1.5 ft from the with ethanol lane release wells at only two
time points, 1 and 2 days after the start of injection at 480 and 780
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ppb, respectively, and thus is not depicted in the figure. The rapid loss
of ethanol in the aquifer was likely due to rapid consumption by native
microorganisms. The length of B, T, and o-X plumes in treatment lanes
with and without ethanol were distinctly different for the duration of
the experiment,3 as shown in Figure 2. After 4 and 8 months of
injection, total VOC plumes were significantly longer in the With
Ethanol Lane than the Without Ethanol Lane; plumes retracted in both
lanes as the experiment proceeded (Figure 2).

Figure 2. Total volatile organic carbon (i.e., benzene, toluene, and o-xylene) plumes
after 5 and 8 months of continuous injection. (A) B, T, and o-X (no ethanol lane) and
(B) B, T, o-X, and ethanol (with ethanol lane). Black contour lines on figures represent
threshold values for total VOC that are above 15 µg/L.

Microbial Community and Geochemical Response
Relationships between microbial densities and total VOC with
and without ethanol treatments were assessed via MLM, and the
significance of these relationships are presented as p- values.
Subsequent MLMs were used to evaluate relationships between
microbial densities and changes in geochemical parameters (Figures 3
and 4 and Table 1). Analysis of up-gradient samples and betweentreatment “lane” samples acted as in-field controls, thereby allowing
us to compare treatment effects relative to background conditions.
Regions of the aquifer unaffected by the release supported an average
of 2.8 × 104 ± 4.2 × 103 Bacterial 16S copies/ml (mean ± standard
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deviation), 1.4 × 103 ± 1.8 × 102 Archaeal 16S copies/ml, and 1.7 ×
102 ± 1.8 × 101 aps copies/ml. A small zone of elevated Bacterial and
SRB densities at the west end of the EB transect, detected at 8 months
outside of the Without Ethanol Lane, was apparently correlated with a
low-concentration toluene plume from a source other than our
controlled injections.

Figure 3. Distribution of microorganisms within the aquifer. (A) B, T, and o-X (no
ethanol lane) and (B) B, T, o-X, and ethanol (with ethanol lane). Black contour lines
on figures represent threshold values for each measured group that are above
background levels, as determined by microbial densities in wells up-gradient of the
experiment for each group, at the respective time points.

Figure 4. MLM of interactions of total VOC and presence of ethanol (i.e., Lane) on
microbial densities and dissolved geochemical markers (i.e., SO42− and CH4) and
corresponding influence of microbial densities on dissolved geochemical markers.
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Direct effects between factors are indicated by arrows (predictor variables: beginning
of arrow; response variables: end of arrow). The significance (p-value) of each direct
effect is indicated by the number on the arrow.

Table 1. MLM Model Results (i.e., p-Values) Testing Effects of Different
Microbial Groups on Selected Geochemical Variablesa
log eubact as X, log
sulfate as Y
well
transect

distance from
release wells
(m)

no
ethanol

with
ethanol

log SRB as X, log
sulfate as Y
no
ethanol

with
ethanol

log Archaea as X, log
methane as Y
no
ethanol

with
ethanol

ER

0

<0.001

<0.001

<0.001

<0.001

0.242

<0.001

EA

5

0.586

<0.001

0.837

<0.001

0.671

<0.001

EB

7

0.645

<0.001

0.721

<0.001

0.275

<0.001

EC

10

0.763

0.001

0.866

<0.001

0.371

<0.001

ED

15

0.363

<0.001

0.574

<0.001

0.509

0.017

aAnalyses

were performed using experimental lane (e.g., no ethanol vs with ethanol)
and monitoring well transects (e.g., ER, EA, etc.) as fixed variables. Model results
indicate locations where significant relationships exist between microbial predictor
variables (X) and geochemical response variables (Y).

Total Bacteria
Bacterial densities were significantly higher in the experimental
lanes relative to background levels (1−8 orders of magnitude) (p =
0.043). The presence of B, T, and o-X was significantly related to
Bacterial densities only in the Without Ethanol Lane (p = 0.057).
Bacterial densities were highest closest to the release wells and
decreased down-gradient (Figure 3). There was a significantly greater
down-gradient distribution of Bacteria in the With Ethanol Lane than
the Without Ethanol Lane (p = 0.022). Elevated densities of Bacteria
extended at least as far as the ED transect in the With Ethanol Lane (p
= 0.009) and only as far as the EC in the Without Ethanol Lane (p =
0.017). Increases in Bacteria in the Without Ethanol Lane correlated
with a greater retraction of the B, T, and o-X plumes (total VOC) than
those observed in the With Ethanol Lane by 8 months (Figures 2 and
3).
Before the experiment began, sulfate reduction was presumed
to be the dominant redox process because of the presence of high
sulfate concentrations and an absence of significant sources of NO3− or
soluble Fe3+ in the aquifer. Previous microcosm and site
characterization studies indicated that iron-reducing bacteria make up
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a small portion of the aquifer microbial community. Therefore,
observed increases in total Bacteria were likely due to stimulation of
SRB and fermentative bacteria.

Sulfate Reducing Bacteria
SRB as a fraction of total Bacteria decreased over time in both
lanes. SRB made up 26 ± 13% and 0.1 ± 0.01% of total Bacteria in
the Without Ethanol Lane and 51.5 ± 27% and 0.14 ± 0.03% of
Bacteria in the With Ethanol Lane in samples taken from release wells
at 5 and 8 months, respectively. When data from each time point was
considered independently, SRB densities were significantly elevated in
the With and Without Ethanol Lanes relative to background (p =
0.022), and levels of SRB were greater in the With Ethanol Lane than
the Without Ethanol Lane (p = 0.001). The distribution of SRB in the
direction of groundwater flow significantly changed (p = 0.001) in both
lanes. At 5 months, the highest proportion of SRB was observed in the
ER transect, whereas at 8 months the highest proportion of SRB was
observed down-gradient in the EA, EB, EC, and ED transects to the
east side of the With Ethanol Lane (36.5, 17.7, 8.9, and 8% of total
Bacterial densities, respectively) (Figure 3). Changes in SRB densities
and distributions were strongly related to concentrations of sulfate in
the experimental lanes.
Sulfate levels were measured in all monitoring wells after 5
months of continuous injection (Figure S.1, Supporting Information)
and were significantly depleted in the With Ethanol Lane relative to the
Without Ethanol Lane and were related to densities of Bacteria and
SRB (p < 0.001). This relationship was evident at a greater distance
down-gradient in the With Ethanol Lane, extending to the EB and
through the ED transects for SRB and Bacteria, respectively (Table 1).
Sulfate depletion in the With Ethanol Lane extended approximately
200 ft down-gradient from the ethanol injection site. There was a
small decrease in dissolved sulfate (10−30 mg/L) in the Without
Ethanol Lane relative to background sulfate concentrations; however,
this decrease was within the range of variation observed in monitoring
wells outside the experimental treatment zones (30−50 mg/L) (Figure
S.1, Supporting Information). A significant relationship between
Bacterial and SRB densities in the Without Ethanol Lane was only
Environmental Science & Technology, Vol 42, No. 7 (2008): pg. 2289-2294. DOI. This article is © American Chemical
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observed in the ER transect (Table 1). Therefore the electron donor
concentration in the Without Ethanol Lane was too low to significantly
affect the redox state and microbial communities in the aquifer except
very near the injection wells.
The relative abundance of SRB decreased during the
experiment; this observation may be explained by the amount of labile
carbon released in the With Ethanol Lane. The concentration of ethanol
released (∼500 ppm) was approximately 10 times greater than could
be consumed by sulfate reduction alone, based on average
groundwater sulfate content (∼160 ppm). Initial increases in SRB and
corresponding depletion of sulfate indicates that ethanol release
stimulated SRB metabolism and cellular growth, resulting in complete
consumption of available sulfate in the injected water. The SRB bloom
was analogous to the increase in iron reducing bacteria, followed by an
increase in SRB upon injection of acetate to another anaerobic
aquifer.20 In our system, sulfate was slowly replenished into the
experimental lanes via the injected water and by lateral dispersion
from surrounding sulfate-rich groundwater; thus, the bloom in SRB
produced in response to the ethanol release was self-limiting, being
dependent on a rapidly consumed yet limited supply of dissolved
sulfate. As the sulfate-depleted zone expanded up-gradient to include
the release wells (as suggested by CH4 distribution in Figure S.1,
Supporting Information), the sulfate-reducing region and area of
elevated SRB densities shifted down-gradient (Figure 3).

Archaea
The distribution of Archaea was significantly related to the
presence of ethanol (p = 0.047) (Figures 3 and 4). In the With Ethanol
Lane, Archaea were elevated above background up to the EB transect
(p = 0.006) after 5 months of continuous injection and expanded to
include the ER through EC transects after 8 months. Maximum
observed Archaeal densities were 3−6 orders of magnitude above
background and were located in the ER wells at 8 months (9.5 × 106
Archaeal 16S rDNA copies/mL). Elevated Archaea were only observed
in the With Ethanol Lane where sulfate was depleted (Figure 3).
Increased Archaeal densities were likely due to the acetogenic
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fermentation of ethanol, providing an ample supply of acetate for
Archaeal growth.
The highest Archaeal densities correlated with the region
exhibiting active methane production (Figure S.3, Supporting
Information). Increases in Archaeal densities in sulfate-depleted zones
accompanied development of an active methanogenic zone with
methane concentrations up to 16.4 mg/L after 5 months of injection
(Figure S.1, Supporting Information) and increasing to near saturation
(max 37.8 mg/L) after 8 months (Figures S.1 and 3). Significant
interactions between Archaea and CH4 were present in both lanes in
the EA transect (p < 0.05); however, only in the With Ethanol Lane
was there a significant trend between Archaea and CH4 in
downgradient transects (EB through ED) (0.05 < p < 0.10) (Table 1).
Calculations of methane mass discharge in the With Ethanol Lane
suggest active methane production at least 6 m down-gradient from
the injection wells (i.e., EB transect), an observation that fits well with
the observed increase in Archaeal densities in this lane (Figure S.3,
Supporting Information). Thus, the release of ethanol appeared to
stimulate growth of native methanogenic populations and to
established a large methanogenic zone in the With Ethanol Lane.

Fermenters
Bacteria other than SRB were stimulated by the controlled
release. SRB made up 51 and 26% of the elevated Bacterial biomass
in lanes with and without ethanol, respectively. Apparently, stimulation
of the Archaeal/methanogenic community was accompanied by an
increase in fermentative bacteria and in fermentative metabolism. This
hypothesis is supported by the presence of small plumes of propionate
and acetate (two metabolic products of fermentation) in the With
Ethanol Lane down-gradient from the release wells after 5 months of
continuous release (Figure S.2, Supporting Information). Presence of
these organic acids indicates that some non-SRB microorganisms
detected by Bacterial qPCR were fermentative bacteria (e.g.,
acetogens, etc.). Elevated Archaeal densities co-occurred with
methane production both within and down-gradient of wells in which
we detected propionate and acetate (Figures S.1 and S.2, Supporting
Information). Although propionate and acetate were not measured at 8
Environmental Science & Technology, Vol 42, No. 7 (2008): pg. 2289-2294. DOI. This article is © American Chemical
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months, high concentrations of methane at this time point suggest
these organic acids were being produced and rapidly consumed by in
situ fermentative/methanogenic consortia and likely existed for much
of the experiment. The co-occurrence of SRB and
fermentative/methanogenic consortia is likely due to subsurface
heterogeneity creating spatially and temporally variable redox
conditions that prevent competitive exclusion of either metabolic
group. Other studies have observed the co-occurrence of these
metabolic groups.21,22
Additional observations support the hypothesis that with the
change in geochemical conditions the community composition shifted
toward one dominated by fermentative/methanogenic consortia in the
With Ethanol Lane. During the experiment, the water levels in the With
Ethanol Lane injection wells would periodically increase and would lead
to the threat of, or actual, brief overflowing. This necessitated frequent
well development to maintain constant long-term injection rates. This
reduced permeability was apparently due to the 100-fold increase in
microbial biomass (Figure 3) and/or sulfide mineral precipitation
resulting from sulfate reduction around the release wells. A reduction
in permeability around the With Ethanol injection wells could
presumably have increased the width of the injection zone and
consequently the zone within which sulfate was depleted, thereby
facilitating the ability of fermentative/methanogenic consortia to outcompete a more energetically favorable SRB-dominated microbial
community. Changes in spatial distribution of SRB, Bacteria, and
Archaea between 5 and 8 month samplings support this hypothesis.
The shift to a fermentative/methanogenic community would result in
reduced attenuation rates of B, T, and o-X.

Discussion
Concentrations of ethanol added in our experiment, which were
intended to represent groundwater impacts of small-volume releases
of E10 gasohol (gasoline containing 10% ethanol), were large enough
to promote substantial microbial growth in the release zone and to
trigger a cascade of biogeochemical changes leading to selection and
restructuring of the local microbial community. Effects on microbial
communities would likely be even greater with higher concentrations
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of ethanol (e.g., as in biofuels where ethanol may constitute up to
∼85% of the volume). Observed increases in Bacterial and Archaeal
densities and attenuation of ethanol, B, T, and o-X are consistent with
the conclusions of Mackay et al.3 that losses of these compounds are
due to active microbial biodegradation and not other physical
processes (e.g., sorption and dispersion). Reduced BTEX attenuation
rates under methanogenic vs sulfate reducing conditions have been
observed in multiple field and laboratory studies.23,24 Rate differences
may be due to additional energy conserved during complete oxidation
of BTEX to CO2 when sulfate is used as the terminal electron acceptor
compared to oxidation under methanogenic conditions where a
combination of fermentation and CO2 reduction is involved. Previous
laboratory and observational field studies have demonstrated similar
trends of reduced B, T, and o-X degradation rates in the presence of
ethanol.9 Other groups have found similar trends in column studies
assessing influences of ethanol on BTEX attenuation under a variety of
redox conditions.24 Our observations add to the mounting evidence
and provide the first controlled, field-based experimental evidence that
the release of ethanol can negatively impact bioattenuation of BTEX
under anaerobic conditions.
Further, the methanogenic conditions induced by the ethanol
release may have effects beyond increased BTX plume lengths. For
example, in locations with existing MTBE contamination, a likely
characteristic of sites with potential for unintended subsurface gasoline
release, active methanogenic conditions may result in increased rates
of conversion of MTBE to tert-butyl alcohol (TBA).10,25 Based on our
work, additional studies examining the influence of ethanol release on
other subsurface contaminants (e.g., 1,2-dichloroethane dichloride or
ethylene dibromide, both previously used in gasolines)26 may be
warranted.
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